Introduction
Stem rot caused by the fungus Sclerotinia sclerotiorum (Lib.) de Bary is an important disease in soybean (Glycine max (L.) Merr.) crop zones of Europe, America and Australia. Numerous reports show that decrease in mineral uptake, sudden leaf wilt, reduction in seed yield and development of lesions on the tap root and basal portion of the stem precede the onset of wilting of plants infected with S. sclerotiorum and cause them to die within a few days [1] .
Rapid and localized cell death (hypersensitive response, HR) and the accumulation of antimicrobial compounds, which play an important role in many plant-pathogen incompatible interactions, known as phytoalexins, represent a wide variety of protective mechanisms in plants designed to restrict pathogen growth [2, 3] . After the infection, plants produce soluble phenolic compounds as a part of their defence. Accumulation of phenolic polymers, such as melanin or lignin, reinforce plant cell walls limiting fungal penetration [4] . In addition, impregnation of cell walls by esterified phenolic compounds increases resistance by modifying the cell wall properties, which are no longer recognized by the depolymerizing enzymes produced by the fungus [5] .
Accumulation of the soybean phytoalexins correlated with rapid and large increases in the activities of enzymes of general phenylpropanoid and flavonoid metabolism, such as L-phenylalanine ammonia-lyase (PAL) and acetyl-CoA carboxylase and chalcone synthase [6] [7] [8] . Phenylalanine ammonia-lyase, the first enzyme of the phenylpropanoid pathway, catalyzes the nonoxidative deamination of the amino acid phenylalanine (Phe) to produce cinnamate, the first structure with a phenylpropanoid skeleton in this biosynthetic pathway [3] . Generally, the flavonoids most present in soybean are isoflavones (daidzen, glycitein, genistein and their glucosides), which are extensively studied for their estrogen-like properties [9] . Content and composition of isoflavones in soybeans is largely dependent on plant genotype, as well as the environmental conditions [10, 11] . During incompatible reactions, daidzein (dihydroxylated isoflavone), immediate precursor of the glyceollins, as well as genistein (trihydroxylated isoflavone) are accumulated in soybean tissues [8] . Also, after exposure to microorganisms a low molecular weight antimicrobial compound coumestrol (flavonoid belonging to coumestans), which is considered a soybean phytoalexin, is synthesized de novo and accumulated in plants [12] . Thus, all above-mentioned compounds could be considered as potential markers of resistance in breeding programs. These potential markers could be of great value, in light of previous reports, which showed that content and composition of isoflavones could be derived from parent genotypes to their hybrids, suggesting the possibility of breeding superior genotypes [13] .
Bazzalo et al. [5, 14] established two main features of phenolic compounds in sunflower: 1) they were produced in greater quantities by resistant genotypes, and 2) they have been able to limit S. sclerotiorum growth. Although immunity to this pathogen has not been found yet, different genotypes and cultivars showed a wide range of susceptibility. Different characters, related to the resistance mechanisms of the plant could be employed for screening the host genotypes. The aim of this study was to assess the changes in PAL activity and isoflavone accumulation throughout the development of Sclerotinia stem rot in four soybean cultivars in order to trace possible difference in mechanisms of tolerance among them.
Experimental Procedures

Fungal growth
Sclerotinia sclerotiorum mycelium was obtained from the Institute of Field and Vegetable Crops, Novi Sad, Serbia. Mycelium was grown on potato dextrose agar (PDA, 39 g l -1 , pH 6) and stored at 4°C. Inoculum for trial was prepared as subcultures on fresh PDA. Plugs were prepared by cutting 4 mm discs from the edge of twoday old cultures [15] . o C; humidity 90%; photoperiod 16:8, light:dark). Seedlings were inoculated with S. sclerotiorum, in V1 phase (first trifoliate and one node above unifoliate). The plugs of inoculum were carefully placed mycelial-side down on the centre of each cotyledon. To increase humidity, plants were misted with water by hand atomizer and covered with plastic bags, which were removed two days after inoculation. Seedlings were harvested 12, 24, 48 and 72 hours after inoculation and used for biochemical assays.
Plant material
L-phenylalanine ammonia-lyase assay
Phenylalanine ammonia-lyase (PAL; EC. 4.3.1.5) activity was determined according to Gerasimova et al. [16] . PAL activity was determined spectrophotometrically (290 nm) by the formation of trans-cinnamic acid. The reaction mixture contained 1 ml extract, 1 ml 0.1 M borate buffer (pH 8.8), and 1 ml 60 mM ml -1 L-phenylalanine (Biomedicals Inc., USA). Samples were incubated at 37°C for 1 h. In control samples, the extract was replaced by borate buffer (1 ml). The reaction was stopped by adding 0.5 ml 1 M trichloroacetic acid.
HPLC analysis
An Agilent model 1100 HPLC equipped with binar pump, degaser, autosampler and diode array detector (DAD) was used to separate, identify and quantify isoflavones and coumestrol. Separation of these compounds was achieved using a 5 μm Zorbax SB C18 reversed phase HPLC column (150x4.6 mm) with a Zorbax SB C18 guard column. Mobile phase gradients were formed between two degassed solvents. Solvent A was 1% (v/v) acetic acid in water and solvent B 100% acetonitrile. The column temperature was 25°C, solvent flow rate 0.6 mL min -1 and injection volume 10 μL. The spectra were collected between 240 and 400 nm by DAD. Isoflavone components in the eluate were detected at 270 nm, while coumestrol was detected at 330 nm. Components were identified by comparison of their retention times and UV spectra with those of corresponding standards and by using the literature data [9] .
Isoflavones in aglycone forms were quantified from three five-point regression curves (R≥0.999) obtained using the standards of daidzein, glycitein and genistein. Actual concentrations of isoflavones in glycoside forms were calculated from the regression curves of the corresponding aglycones after applying corrections for differences in molecular weight between aglycones and glycosides. Coumestrol was quantified according to a five-point regression curve obtained using the coumestrol standard (R≥0.998). All values were expressed as the means of triple determinations and tested by ANOVA followed by comparison of means using Duncan's multiple range test (P<0.05). The results were expressed as % of control.
Results
The results presented in this study showed changes in PAL activity and the contents of total isoflavones, total daidzein, genistein, glycitein and coumestrol in soybean plants in early stages of the inoculation with S. sclerotiorum, i.e. 12, 24, 48 and 72 h after the actual inoculation occurred. The results obtained for the PAL activity [4.6-13.4 U g -1 fresh weight (fr.w.)] (Figure 1 ) indicate an increase in enzyme activity in all four examined soybean cultivars 48 h after the inoculation. After 24 h, significant increase in PAL activity was recorded only in Alisa cultivar and it was double the amount of control (9.2 and 4.6 U g -1 fr.w., respectively). Rate of PAL activity increase for this cultivar was continuous after 48 and 72 h. Other cultivars did not differ from the control and their PAL activities became even lower compared to the control 72 h after the inoculation (Figure 1) .
As expected, isoflavones accumulated in soybean seedlings 12, 24, 48 and 72 h after inoculation with S. sclerotiorum, ranging from 0.3 to 1.7 mg g -1 fr.w. Although their presence has been established in all investigated cultivars, they responded quite differently (Figure 2 ). Alisa and Sava increased their total isoflavone content (33.9% and 6.2%, respectively) 12 h after the inoculation, the values remaining above control values throughout the experiment. 1511/99 cultivar also accumulated isoflavones, up to 48 h after the inoculation, but later, their content decreased significantly compared to control, Alisa and Sava cultivars. Contrary to other investigated cultivars, in Meli accumulation of total isoflavones did not occur, their content declining throughout the trial and being the lowest 72 h after the inoculation (0.4 mg g -1 fr.w.). After the initial increase in total daidzein content ( Figure 3 ) 12 h after inoculation, cultivar 1511/99 showed a decrease later, maintaining its content similar to the control. Other cultivars showed no significant changes in total daidzein content after 24 and 48 h of the experiment being similar to the control. However, 72 h after inoculation Alisa and Sava showed significant increase in daidzein content in comparison with the other two cultivars, reaching 0.3 and 0.6 mg g -1 fr.w., respectively. There was no significant difference between controls and inoculated plants in total genistein levels, except for inoculated 1511/99 in which genistein content increased to 0.2 mg g -1 fr.w. (6.2-fold over the control value 12 h after the inoculation) (Figure 4) .
The results for total glycitein content showed different patterns in response to inoculation with S. sclerotiorum in investigated cultivars ( Figure 5) . Two of them, 1511/99 and Sava, showed an increase in accumulation of this isoflavone phytoalexin, being the highest at 48 and 72 h after inoculation respectively. Alisa, and especially Meli, showed an initial increase 12 h after the inoculation, but after that they demonstrated significant decrease in glycitein contents ( Figure 5 ). Coumestrol content did not change significantly in 1511/99, Alisa and Sava compared to their controls but it did in Meli ( Figure 6 ). 24 h after the inoculation coumestrol content decreased in this cultivar but then increase its level, being the highest 72 h after the inoculation (0.004 mg g -1 fr.w.).
Discussion
Phytoalexins are produced by plants in response to stress, fungal attack, or elicitor treatment and are often antifungal or antibacterial compounds. In soybean, pathogen attack induces the formation of glyceollin-type phytoalexins. The biosynthetic key enzyme is reductase which synthesizes 4,2',4'-trihydroxychalcone in coaction with chalcone synthase [17] . While phytoalexins from the groups of glyceollins and coumestrol have been subject of many investigations [18] [19] [20] [21] , especially for their pharmacological effect in humans, there are few such reports for the isoflavones genistein, daidzein and glycitein when pathogen attack is involved [22] [23] [24] . On the other hand, accumulations of isoflavone conjugates and aglycones in soybean tissues were induced by lactofen, the active ingredient of the soybean disease resistance-inducing herbicide [25] . In order to determine elicitation of phytoalexin isoflavones, some authors exposed soybean plants to various phytopathogens and known elicitors derived from phytopathogens. Inoculation of cotyledons with different Aspergillus species [12] induced high concentrations of isoflavones, glyceollin and coumestrol in the cotyledon tissues suggesting that these chemicals are being produced in plant defence against fungal attack. According to previous results, soybean cotyledon tissue had maximum concentrations of the phytoalexin glyceollin (955 μg g -1 fr.w.) at 3 rd day after Aspergillus sojae infection. However, other Aspergillus species caused an accumulation of glyceollin at significantly lower levels. A maximum concentration of coumestrol (27.2 μg g -1 fr.w.) was assessed in soybean cotyledons inoculated with A. niger. According to another findings [26] , highly insect-resistant soybean genotype (PI 227687) produced significantly more phytoalexins than insect-susceptible one (Davis) in response to the same chemical elicitation when tested for inducible phytoalexin accumulation. Formation of six prenylated isoflavones, induced by the pathogen Phytophthora sojae (Kauf. & Gerd.), highlighted the metabolic flexibility within soybean secondary product pathways and suggested that prenylation may be associated with defence responses [27] . Artificial infection of soybean wound tissues with Phytophora soyae stimulated accumulation of glyceollin and the deposition of phenolic esters and polymers, as well as the massive accumulation of isoflavone conjugates. On the other hand, in predominantly unwounded or in wash wounded tissues, infection with Phytophora soyae induced only the accumulation of isoflavone conjugates [28] . Modolo et al. [8] showed that inocubation of soybean cotyledons with Diaporthe phaseolorum (Dp) extract stimulated accumulation of the isoflavones daidzein and genistein after 6 h of incubation. Glyceollins (daidzein-derived pterocarpans) were detected only after 12 h, and their production increased up to 20 h after the incubation. After 20 h of incubation with Dp extract, daidzein content decreased and the glyceollins began to increase, due to the conversion of daidzein into glyceollins during prolonged incubations.
Wegulo et al. [22] analyzed the effect of wounding and inoculation with S. sclerotiorum on isoflavone concentrations in soybean leaves. It was shown that concentrations of daidzein and genistein were significantly higher in wounded/inoculated plants than in wounded/non-inoculated and non-wounded/noninoculated plants, observing all cultivars. These results also implied that the high content of aglycones in plants 5 days after wounding/inoculation was mainly due to inoculation with S. sclerotiorum.
In our study, cultivars Alisa and Sava maintained higher levels of total isoflavones, genistein and daidzein throughout the trial, suggesting a lower conversion rate to glyceollins compared to other soybean cultivars. In addition, the PAL activity in Alisa and glycitein biosynthesis in Sava seemed to be significantly stimulated by the S. sclerotiorum inoculation. In contrast, coumestrol did not show significant change in content in all cultivars, except for Meli. Similarly, [29] reported that the levels of coumestrol did not change upon Fusarium solani (Mart.) Sacc. f. sp. glycine inoculation of soybean roots. Conversion from daidzein to coumestrol seems to be one of the possible biosynthetic pathways for increasing resistance, especially in cultivars more susceptible to plant pathogens. This is in agreement with findings for phytoalexins accumulation in beans infected with Colletotrichum lindemuthianum (Sacc. & Magnus) Briosi & Cavara [30] . This suggests that in cultivar Meli cyclization of daidzein is favoured and results in production of pterocarpans and coumestans. Previous study of isoflavone content and composition in seeds of 1511/99, Alisa, Meli and Sava cultivars showed that Meli had the highest levels of total isoflavone content, total daidzein content, total glycitein content and total genistein content [31] . Although isoflavone levels in seeds were much higher compared to their levels in cotyledons (obtained in this study), it could be noted that the Meli cultivar used in both studies differed from the others, probably due to the differences in its genetic potential for the synthesis of phytoalexins.
Some newly emerging areas of Sclerotinia research include its application as myco-herbicide, phytoalexin elicitors, hypovirulence, volatile compound imitator, biochemical, molecular and physiological aspects of host pathogen interaction [32] . In this study, phytoalexin elicitor effect of this pathogen was confirmed. Isoflavone phytoalexins studied have been detected in all four soybean cultivars investigated but among them differences in response to pathogen attack have been established. In Meli cultivar, genistein, daidzein and glycitein contents as well as their total amounts decreased in comparison to control after the inoculation. The other three cultivars (1511/99, Alisa and Sava) showed increase in the parameters studied, but not in the same manner nor with the same intensity. Cultivar Meli exhibited the highest rate of coumestrol biosynthesis (72 h after the inoculation) and PAL activity (48 h after the inoculation). This means that different and parallel mechanisms and responses exist in soybean plants after exposure to S. sclerotiorum and further investigations are needed to find general patterns in the interactions among resistance pathways.
Isoflavone content should be considered as an important characteristic of soybean plants. Isoflavone screening could provide valuable information regarding the capacity for biological activity of different soybean cultivars and, at the same time, could be useful for selection of cultivars for higher tolerance towards plant pathogens. The cultivars with the higher content of genistein, biologically the most active isoflavone, should be also noted. Our results suggest that cultivars such as Alisa and Sava may be of interest to producers, plant breeders and even phytopharmacists due to their elevated content of isoflavones. Differences in plant responses to pathogen attack may lead to further exploration of plant-pathogen relations and production of new plant genotypes more tolerant to S. sclerotiorum. Currently, modulation of the enzymatic and genetic aspects involved in the biosynthesis of phytoalexins is an attractive alternative to fungicide design, since increasing phytoalexin production could generate resistant plants against pathogenic microorganisms.
